Root exudate is one of the ways for plant communication to the neighboring plant and adjoining of microorganisms present in the rhizosphere of the root. The chemicals ingredients of the root exudates are specific to a particular plant species and also depend on the nearby biotic and abiotic environment. 
INTRODUCTION
Unseen part of the plant secretes chemical compounds which acts as communication signal between the adjacent plant and microbial community present in the rhizosphere of the root. Root exudates correspond to an important source of nutrients for microorganisms in the rhizosphere and seem to participate in early colonization inducing chemotactic responses of rhizospheric bacteria (Bacilio et al., 2002) . Rhizosphere is defined as a zone of most intense bacterial activity around the roots of plant (Hiltner, 1904) . However, for the sake of practical investigation, the rhizosphere is most often defined as the soil adhering to plant roots when they are rigorously shaken, throughout which the rhizosphere effect must be observed to some extent (Kang and Mills, 2004) . A survey of the literature exposes an extensive range of compounds exuding from intact and healthy roots; these include sugars, amino acids, peptides, enzymes, communication includes symbiotic associations with beneficial microbes, such as mycorrhizae, rhizobia and plant growth promoting rhizobacteria (PGPR). Negative interactions include association with parasitic plants, pathogenic microbes and invertebrate herbivores. The rhizospheric bacteria are responsible for the elimination of the contaminants while the roots are responsible for providing nutrients (root exudates) used by the microorganisms to proliferate .
Selected microbes can degrade most environmental pollutants. The process stops when the microbe is starved of food. In order to determine that such microbes can have access to the best food source available in soil, workers have described an enrichment method for the isolation of microbes, which combine the properties of: (1) degradation of a selected pollutant and (2) excellent root colonization. Shukla et al. (2010) illustrated the process 'rhizoremediation' to emphasize the roles of the root exudates and the rhizosphere competent microbes.
The objectives of this review are therefore to: highlight the type, chemical nature, factors affecting the root exudates; provide an insight in to the role of various interactions of the root exudates with the root of other plant and root microbe interaction; and explore the current concepts and the possible application of root exudates in the cleaning of environment through rhizoremediation.
CHEMICAL NATURE AND COMPOSITION OF ROOT EXUDATES
In general, the component of carbohydrates compounds extracted by the root is arabinose, glucose, galactose, fructose, sucrose, pentose, rhamnose, raffinose, ribose, xylose and mannitol. Current evidence suggests that sugars such as glucose dominate root exudates (Jones and Darrah, 1995; Lugtenberg, 1999; Toal, 2000) . All 20 proteinogenic amino acids, l-hydroxyproline, homoserine, mugineic acid, and aminobutyric acid are included in amino acids exudates. Acetic acid, succinic acid, laspartic acid, malic acid, l-glutamic acid, salicylic acid, shikimic acid, isocitric acid, chorismic acid, sinapic acid, caffeic acid, p-hydroxybenzoic acid, (Alexa et al., 2004) gallic acid, tartaric acid, ferulic acid, protocatacheuic acid, p-coumaric acid, mugineic acid, oxalic acid, citric acid, and piscidic acid are categorized in organic acids and phenolic compounds (Jeremy et al., 2004) . Some of these compounds, especially the phenolics, influence the growth and development of surrounding plants and soil microorganisms. Naringenin, kaempferol, quercitin, myricetin, naringin, rutin, genistein, strigolactone and their substitutes with sugars are the flavonols (Antonio et al., 2009; Siegridet al., 2007) .
Catechol, benzoic acid, nicotinic acid, phloroglucinol, cinnamic acid, gallic acid, ferulic acid, syringic acid are derivatives of lignin (Dayakar et al., 2009) (campestrol, sitosterol, stigmasterol) , allomones (jugulone, sorgoleone, 5,7,4′-trihydroxy-3′, 5′-dimethoxyflavone, DIMBOA, DIBOA) (Bais et al., 2006) and proteins and enzymes (proteins, lectins, proteases, acid phosphatases, peroxidases, hydrolases, lipase) are the compounds found on root exudates, which is isolated from various plant roots (Narasimhan et al., 2003; Uren, 2000) .
A research shows that the main carbohydrates secreted from rice (Oryza sativa) identified were glucose, arabinose, mannose, galactose, and glucuronic acid and rice exudates may induce a higher chemotactic response for endophytic bacteria (Corynebacterium flavescens and Bacillus pumilus) than for other bacterial strains (plant growth promoting bacteria, Azospirillum brasilense and Bacillus sp.) present in the rice rhizosphere. Endophytic bacteria appear to be ever-present in most plant species, inducing beneficial effects, as incidental from their ability to promote plant growth (Bacilio et al., 2001 ) to confer resistance against plant pathogens (Benhamou et al., 1996; Hallmann et al., 1997; Pleban et al., 1995) .
FACTORS AFFECTING EXUDATION
The exudation of organic compounds by roots are influenced by either biotic (for example, soil microbial uptake) (Kuzyakov et al., 2003) or abiotic processes (Hees et al., 2003) . In some instances, our knowledge is sufficient to explain why exudation is affected by the root environment, but often our ignorance of the physiological processes involved in exudation precludes a correct explanation. Some of the factors influencing exudation are listed as thus explained:
Plant species
The amount, range and balance of compounds in root exudates differ for different plant species. Some worker found differences between wheat and barley (Hordeum vulgare L.) root exudates with respect to certain sugars (galactose, glucose and rhamnose), whereas other sugars occurred in similar amounts in exudates of both plants (Vancura, 1964) . The specificity of root exudates from different plants in stimulating only certain groups of organisms is clearly demonstrated in the plant pathology literature, for example, the cysts of potato eelworm (Heterodera rostochiensis) hatched when supplied the root washings of potato (Solanum tuberosum L.), tomato and some other solanaceous plants, but not the washings of beet (Beta vulgaris L.), rape (Brassica napus L.), lupin (Lupinus lilosus L.), mustard (Brassica sp.) or oats (Xiaoe et al., 2005) .
Root age
Research done with peas and oats indicated that more amino acids and sugars exuded during the first 10 days of growth than during the second 10 days (Rovira, 1956 ). Vancura and Hovadik, (1965) study found 3-pyrazolylalanine in root exudate of cucumber (Cucumis sativus L.) only at the early seeding stage. With tomato and red pepper (Capsicum anznumm L.), they found that tyrosine occurred in the exudate only at fruiting and not at any other stage of growth.
Microorganisms
Microorganisms may affect the permeability of root cells, metabolism of roots, absorption and excretion of certain compounds in root exudates. It was reported that filtrates of cultures of some bacteria and fungi and also some antibiotics (penicillin), increased the exudation of scopoletin (6 methoxy -7 hydroxycoumarin) by oat roots (Blaylock et al., 1997) . Norman (1961) found that certain polypeptide antibiotics, for example, polymyxin which is formed by Bacillus polymyxa from soil, altered cell permeability and increased leakage. There are two main difficulties in interpreting the significance of their results which show that culture filtrates or products increase the leakiness of plant roots. First, the conditions under which the organisms are grown are quite different both physically and nutritionally from those under which a rhizosphere population grows. Second, as it is not possible to calculate the concentration of biologically active substances in the rhizosphere, the concentrations used for "in vitro" experiments must of necessity be selected rather arbitrarily. A further point is that, any consideration of the significance of the rhizosphere population in modifying exudation must involve a concept of micro-ecology, with a wide variety of organisms occupying different "niches on the roots and only those plant cells in the immediate vicinity of "exudation-promoting" organisms are likely to be affected. Microorganisms also influenced the exudation of organic materials into soil. A supplementary study showed that the exudation from wheat roots into synthetic soil was increased at least four fold by microorganisms (Norman, 1961) . The magnitude of the effects of microorganisms upon exudation no doubt will depend on the species colonizing Shukla et al. 9719 the roots (Albert, 1969) . Some other plant biotic factors like developmental status, shoot herbivory, photosynthesis, supply of carbon from shoot to root, evaporation, transpiration, nutrient deficiency, root architecture, cytosolic concentration, membrane permeability, membrane electrochemical potential, release of microbial signal, allelochemical release, mychorrhizas, nodulation and some soil biotic factor are also influenced by the root exudation.
Temperature
The release of amino acids and, especially, asparagine from roots of tomato and subterranean clover (Trifolium subterraneum L.) increased with rising temperature (Rovira, 1959) . However, this effect is by no means universal, as some worker found more amino acids in exudates from strawberry plants (Fragatia vesca L.) grown at 5 to 10°C than at 20 to 30°C; this markedly influenced the pathogenicity of (italics) which attacks strawberries at low soil temperatures (Husain and Mckeen, 1963, Hale et al., 1978) .
Light
The light intensity at which plants are growing affects the amounts and balance of compounds exuded into nutrient solution by tomato and subterranean clover roots (Rovira, 1959) . Clover grown at full daylight intensity exuded more serine, glutamic acid, and c-alanine than plants grown in 60% shade. With tomato, the levels of aspartic acid, glutamic acids, phenylalanine and leucine in exudate were reduced by shading. Beside these abiotic factors, few others such as moisture, humidity, wind speed and light intensity, elevated CO 2 pesticides, available space, atmosphereic nitrogen deposition, ozone, physical disturbance, fire, irrigation, erosion, altitude and latitude are also influencing the exudation (Torsivik et al., 1996) . Some soil abiotic factors resembling compaction, soil type, salinity, soil pH, metal toxicity, water availability, organic matter, cation and anion exchange, drainage, aeration, rooting depth, soil texture, soil structure and redox-potential influence the release of organic chemical from plant root (Ross et al., 2000; Rangarajan et al., 2001 ).
INTERACTION STUDIES
Root-mediated rhizospheric interactions are broadly classified into two categories; positive and negative interactions. Positive interactions involve root exudatemediated interactions with plant growth-promoting rhizobacteria (PGPR). Roots produce chemical signals that attract bacteria and induce chemotaxis (Thimmaraju et al., 2008) . Positive interactions mediated by root exudates also include growth facilitators that support growth of other plants and also perform cross-species signaling with rhizospheric invertebrates. Contrastingly, negative interactions mediated by root exudates involve secretion of antimicrobials, phytotoxins, nematicidal and insecticidal compounds (Bais et al., 2006) .
Root-root communication
Root exudates may play a straight role as phytotoxins in mediating chemical interference (allelopathy) and significant indirect roles in resource competition by altering soil chemistry, soil processes and microbial populations. Plants that produce and release potent phytotoxins can reduce the establishment, growth or survival of susceptible plant neighbors, thus, reducing competition and increasing resource availability. Plants release phytotoxins in decomposing leaf and root tissue, in leachates from live tissue, in green leafy volatiles, and in root exudates (Bertin et al., 2003) . Different phytotoxins in root exudates affect metabolite production, photosynthesis, respiration, membrane transport, germination, root growth, shoot growth and cell mortality in susceptible plants .
According to a group of study, a variety of phytotoxic compounds are released as root exudates for example 7, 8-benzoflavone [Acroptilon repenst (italics), Russian knapweed], (±)-catechin (Centaurea maculosa, spotted knapweed), DIMBOA and DIBOA (Triticum aestivum, wheat), juglone (Juglans nigra, black walnut), 8-hydroxyquinoline (Centaurea diffusa, diffuse knapweed), sorgoleone (Sorghum spp.), and 5, 7, 4′-trihydroxy-3′, 5′-dimethoxyflavone (O. sativa, rice). These compounds possess some structural components, such as aromaticity (with the exception of sorgoleone), hydroxyl and/or ketone groups. However, the structures of the compounds also vary considerably, and include flavonoids [7, 8- benzoflavone, (±)-catechin, and 5, 7, 4′-tri-hydroxy-3′, 5′-dimethoxyflavone], quinones (juglone and sorgoleone), quinolines (8-hydroxyquinoline), and hydroxamic acids (DIMBOA-2, 4-dihydroxy-7-methoxy-1, 4-benzoxazin-3-one), DIBOA) (Stermitz et al., 2003; Bais et al., 2002; Wu et al., 2000; Jose and Gillespie, 1998; Vivanco et al., 2004; Nimbal et al., 1996; Kong et al., 2004) .
One of the oldest classical examples of allelopathy involving root exudation is the growth inhibition caused by the presence of black walnut in the landscape (Bais et al., 2006) . Walnut toxicity is associated with the presence of a potent napthoquinone, juglone (5-hydroxy-1, 4-napthoquinone). In living tissues, juglone is generally found in a reduced non-toxic form, but when exposed to air it becomes oxidized and thus, toxic. Isolated juglone is orange in color and can be noticed when fresh bark is stripped from roots or fresh fruit hulls are cut (Kocacali et al., 2009 ). Other trees closely related to black walnut also produce juglone, although in limited quantities and include butternut or white walnut (Juglans cinerea), Persian walnut (Juglans regia) and many other related walnuts throughout Asia and South America.
Another example of a plant producing root exudates with known allelopathic activity is in wheat. Allelopathy in wheat appears to be associated with the presence of simple phenolic compounds including p-hydroxybenzoic, vanillic, p-coumaric, syringic and ferulic acids as well as the presence of hydroxamic acids (Yongqing, 2006) . Sorghum roots exuded a mixture of biologically-active hydrophobic substances, one major component of which is known as sorgoleone, characterized as 2-hydroxy-5-methoxy-3-pentadecatriene]-p-benzoquinone.
Sorgoleone has been characterized as a potent bioherbicide which is inhibitory to broadleaf and grass weeds at concentrations as low as 10 µM in hydroponic bioassays (Xiaohan et al., 2004) . Many plants also produce secondary metabolites that inhibit the growth of eight specific plants (autotoxicity). Autotoxicity has been widely observed in agricultural crops and weeds, as well as in some plants that inhabit natural systems. Phytotoxic root exudates appear to mediate autoinhibition in at least some of these species, including Asparagus officinalis (garden asparagus), Cucumis sativa (garden cucumber) (Yu et al., 2003) and Centaurea maculosa (spotted knapweed) (Perry et al., 2005) .
Root-microbe communication
Interactions between plants and soil microbes are highly dynamic in nature and based on co-evolutionary pressures (Dobbelaere et al., 2003; Duffy et al., 2004; Klironomos, 2002; Morgan et al., 2005; Morrissey et al., 2004; Reinhart and Callaway, 2006) . Consequently, it is not astonishing that rhizosphere microbial communities differ between plant species (Batten et al., 2006; Innes et al., 2004) , between genotypes within species (Kowalchuk et al., 2006) and between different developmental stages of a given plant (Mougel et al., 2006; Wei-Hong et al., 2007) . At a community scale, microbial diversity in the soil has been linked to plant diversity, though it is unclear whether this is through increased habitat heterogeneity, the increased plant biomass commonly observed with highly diverse plant communities or increased diversity of carbon substrates and signaling compounds provided by the plants.
The signal components largely responsible for these specific host-microbe relationships belong to a class of compounds termed flavonoids. Data on flavonoids as signaling compounds are available from several symbiotic and pathogenic plant-microbe interactions. More than 4000 different flavonoids have been identified in vascular plants, and a particular subset of them is involved in mediating host specificity in legumes (Perret et al., 2000) . In several Fusarium plant interactions, an effect of flavonoids on micro-and macroconidia germination has been reported; however, nearly no data are available yet on hyphal growth and the role of flavonoids during infection. Moreover, to our knowledge scarce data are available about alterations of flavonoid level in plants infected by Fusarium (Siegrid et al., 2007) . Iso-flavonoids are only found in members of the legume family. Daidzein and genistein, isoflavonoids produced by soybean (Glycine max), effectively induce Bradyrhizobium japonicum nod genes, but inhibit Sinorhizobium meliloti nod gene expression. S. meliloti nod genes are instead induced by luteolin (Juan et al., 2007) . This specificity enables rhizobia to distinguish their hosts from other legumes. The specific flavonoid not only induces nod gene expression, but also rhizobial chemotaxis (Bais et al., 2006) . Thus, further studies are needed to elucidate their exact role in this interaction. Striglactones only recently have been identified as important signals in the AMF-plant interaction and thus, are "hot issues" in mycorrhizal research. To our knowledge, no data are available yet about their implication as signaling compounds in other plant-microbe interactions.
Rhizobia-legume interactions are very specific, allowing specific rhizobial strains to nodulate with specific host legumes. S. meliloti effectively nodulates species of the Medicago, Melilotus and Trigonella genera, whereas Rhizobium leguminosarum bv viciae induces nodules in the Pisum, Vicia, Lens and Lathyrus genera (Bais et al., 2006) . Scientists demonstrated that roots selectively secrete L-MA (malic acid) and effectively signal beneficial rhizobacteria establishes a regulatory role of root metabolites in recruitment of beneficial microbes, as well as underscores the breadth and sophistication of plantmicrobial interactions (Thimmaraju et al., 2008) .
Brassicaceae have also been found to have a stimulatory effect on ectomycorrhizal fungi (Zeng et al., 2003) . Few researchers demonstrates that two model plant species (Arabidopsis thaliana and Medicago truncatula) are able to maintain resident soil fungal populations, but unable to maintain nonresident soil fungal populations. This is mediated largely through root exudates: the effects of adding in vitro-generated root exudates to the soil fungal community were qualitatively and quantitatively similar to the results observed for plants grown in those same soils (Yanhong et al., 2009 ).
APPROACHES OF REMEDIATION
The rhizospheric bacteria are responsible for the elimination of the contaminants, while the roots are responsible for providing nutrients used by the microorganisms to proliferate. Then strategy was developed to select pollutant-degrading rhizobacteria that live on or are close to the root so that they can use root exudate as their major nutrient source. These authors developed a Shukla et al. 9721 system to efficiently enrich such bacteria by starting from a crude mixture of bacteria from grass roots and subsequently, alternating between selecting for growth on the pollutant naphthalene and selecting for efficient colonization of grass roots. One of the resulting strains, Pseudomonas putida PCL1444, effectively utilizes root exudate, degrades naphthalene around the root, protects seeds from being killed by naphthalene and allows the plant to grow normally. Mutants unable to degrade naphthalene do not protect the plant (Yanhong et al., 2009) . Root exudates have the potential to increase the degradation of xenobiotics by the growth of soil microorganisms. Separating the chemical impact of the root exudates from any root surface phenomena is an important step in isolating a potential mechanism of phytoremediation. Cu binding to root exudates of two cultivated plants, wheat (T. aestivum) and rape (B. napus) and two weeds associated with wheat, dog daisy (Matricaria inodora) and cornflower (Centaurea cyanus), was studied in vitro under hydroponic and sterile conditions (Sylvie et al., 2001) . The amount of the organic compounds exuded by plant root is important in determining the extent of ion Cu as corresponded (Sylvie et al., 2001) . Some worker conducted a glasshouse experiment using a root -bag technique to study the root exudates, rhizosphere Zn fractions and Zn concentrations and accumulations of two ryegrass cultivars (Lolium perenne L. cvs. Airs and Tede) at different soil Zn levels and concluded that genotypic differences in Zn accumulations were mainly because of different root exudates and rhizosphere Zn fractions (Wei et al., 2007 ). An additional study concluded that the phytase activity in tobacco root exudates is exhibited by a purple acid phosphatase and its catalytic properties are pertinent to its role in mobilizing organic P in soil (Lung et al., 2007) .
Improved degradation of high molecular weight polycyclic aromatic hydrocarbons (PAH) during phytoremediation has provoked examinations of controlling plant/microbe interactions (Paquin et al., 2002) . A number of scientist established chemotaxis of PAH degrading rhizosphere bacteria (Pseudomonas alcaligenes, Pseudomonas stutzeri and P. putida) to naphthalene, phenanthrene and root exudates (Ortega et al., 2003) . Fascinatingly, the bacteria were repelled by anthracene and pyrene. The attraction of competent bacteria to the root zone may improve bioavailability and increase PAH degradation in the rhizosphere. Subjugation of the phenanthrene degrading activity of P. putida following exposure to root extracts and exudates recommended that enzyme induction may not occur during rhizodegradation of PAHs (Rentz et al., 2004) . Related studies observed repression of PAH catabolic genes on a per cell basis and demonstrated greater naphthalene degradation by cultures grown on root products compared to naphthalene, supporting the notion that prolific microbial growth provides improved degradation in the rhizosphere (Kamath et al., 2004) . However, high molecular weight (HMW PAHs do not serve as a carbon and energy sources for microbial populations during degradation (Yanzheng et al., 2010) . Correlated scientist conducted a batch experiment to evaluate the impact of root exudates on the desorption of phenanthrene and pyrene in soils and showed that the increment of phenanthrene and pyrene desorption was always higher with the addition of citric and oxalic acid than with the same concentration of artificial root exudates (AREs), indicating that the effects of AREs on desorption may be dominantly due to the organic acids (Yanzheng et al., 2010) . Some researchers clearly observed through their research that benzo[a]pyrene, a HMW polycyclic aromatic hydrocarbon (PAH) was removed from solution by Sphingomonas yanoikuyae, while growing on root products as a primary carbon and energy source (Jeremy et al., 2004) . Plant root extracts of osage orange (Maclura pomifera), hybrid willow (Salix alba-matsudana), or kou (Cordia subcordata) or plant root exudates of white mulberry (Morus alba) supported 15 to 20% benzo[a]pyrene removal over 24 h that was similar to a succinate grown culture and an unfed acetonitrile control (Yanzheng et al., 2010) .
Another study shows that the sorghum root exudates have the activities of oxidase, peroxidase and tyrosinase. The activities of these enzymes were progressive as the soil phenanthrene concentration increased. Using lyophilized samples study, it was concluded that as a result of the enzymatic activity of the root exudates, some of the PAHs and products of PAH degradation were oxidized in the reaction mixture supplemented with the mediating agents, but that no oxidation was observed in the reaction mixtures without the mediators. The revealed enzymatic activity of the sorghum root exudates may indicate the involvement of the root -released oxidoreductases in rhizospheric degradation of PAHs and/or their derivatives (Muratovaa et al., 2009) .
A different observation established that some chelaters have been shown to enhance the phytoextraction of metal from contaminated soil. Their results revealed that EDTA increased the ability of barnyard grass to take up Cd, Cu and Pb, but that it resulted in increased soil leaching (Kim et al., 2009) . Conversely, citric acid induced the removal of Cd, Cu and Pb from soil without increasing the risk of leaching. Furthermore, Echinochloa crusgalli showed no signs of phytotoxicity in response to treatment with citric acid, whereas its shoot growth decreases in response to treatment with EDTA. One more study shows that the maize root exudates cannot enhance desorption under abiotic condition with the addition of NaN 3 and can promote desorption of phenanthrene in soils without the addition of NaN 3 (Yanzheng et al., 2010) .
Environmental contamination due to anthropogenic and natural sources is increasing day by day because of increase in population, industrialization and urbanization. Advances in science and technology, since industrial revolution has also increasingly enabled humans to exploit natural resources and cause damage to the environment. The ideal solution for pollution abatement is bioremediation, the most effective innovative technology to come along that uses biological systems for treatment of contaminants. Although, this novel and recent technology is a multidisciplinary approach, its central thrust depends on microbiology. This technology includes biostimulation (stimulating viable native microbial population), bioaugmentation (artificial introduction of viable population), bioaccumulation (live cells), biosorption (dead microbial biomass), phytoremediation (plants) and rhizoremediation (plant and microbe interaction). Rhizoremediation, which is the most evolved process of bioremediation, involves the removal of specific contaminants from waste product of contaminated sites by mutual interaction of plant roots and suitable microbial flora.
FUTURE PROSPECTS
The main aim of this paper was to provide the information to cultivate modified plants that are capable of absorbing more nutrients, detoxifying soils more efficiently or more effectively warding off persistent weeds and pathogenic microbes. Bioremediation activity through root exudates is stimulated by supplementing nutrients (nitrogen and phosphorus), electron acceptors (oxygen) and substrates (methane, phenol and toluene), or by introducing microorganisms with desired catalytic capabilities. Plant and soil microbes develop a rhizospheric zone (highly complex symbiotic and synergistic relationships), which is also used as a tool for accelerating the rate of degradation or to remove contaminants. With the exciting new development in this field and focus on interdisciplinary research and using it on gaining the fundamental knowledge necessary to overcome the obstacles facing current technologies and also with respect to ethical, legal and social issues involved, this technology will go a long way in cleaning the environment in the near future.
